The crystallization of isotactic polypropylene wax (iPP) in the presence of different sorbitol structures was studied. Dibenzylidene Sorbitol (DBS), as well as two of its derivatives with one or two methyl groups in the DBS molecule (MDBS and DMDBS, respectively), were tested as nanometer-size fibrillar templates. The early nucleation stage and crystal morphology were analyzed in Real-Time Wide-Angle X-ray Scattering (WAXS) and polarized optical microscopy (POM). It was found that the iPP crystals showed an α-phase unit cell for the three different sorbitols. However, a preferential crystal growth in the plane (040) was observed for iPP-MDBS. The macrostructure morphology of the iPP-DBS and iPP-DMDBS wax compounds was spherulitic, while nodular macrocrystals were observed for the iPP-MDBS compound. It was concluded that the MDBS template promoted a lower interface energy because of its match with the c-axis of the iPP wax crystals, whereas, in the case of the DBS and DMDBS templates, the preferential plane was the (110), characteristic of the iPP spherulitic arrangement.
Introduction
The formation of crystals during the solidification or annealing of semicrystalline polymers provides superior properties such as mechanical strength, dimensional stability, optical control, gas barrier, and shorter molding times [1, 2] . Semicrystalline isotactic polypropylene (iPP) is a widely used polymer because of its improved mechanical properties compared with its atactic and syndiotactic forms, and it can replace other expensive engineering thermoplastics [3] .
iPP self-organizes into a spherulitic morphology when crystallizing in the absence of external forces or additives [4] . However, in the presence of external forces or additives, other macrostructures have been reported such as cylindrites, axialites, quadrites, hedrites, dendrites, and nodular and shish kebab [5] [6] [7] . These macrostructures are constituted of crystal unit cells which can be monoclinic (α-iPP), hexagonal (β-iPP), triclinic (γ-iPP), or in a smectic phase [8] . Although it is infrequent, the simultaneous iPP), hexagonal (β-iPP), triclinic (γ-iPP), or in a smectic phase [8] . Although it is infrequent, the simultaneous presence of two polymorphs can also occur during iPP crystallization [9] . α-iPP crystals are frequently found under normal processing conditions [10] . Some nucleating agents, as well as mechanical stress, induce the formation of β-iPP crystals [11] . γ-iPP crystals can be obtained for samples with low molecular weight, low tacticity, copolymers (metallocene catalysts), and also when elevated pressures and high temperature are used (degraded samples) [12] . Finally, the smectic or mesomorphic crystals can be obtained at high cooling rates [13] . The concomitant crystallization of α-iPP and β-iPP crystals has been reported in the presence of small amounts of β-nucleants (0.01-0.5 wt. %), such as calcium pimelate [14] . In the neat polymer, the concomitant crystallization can occur if the crystallization is carried out using a temperature gradient, melt crystallization between 110-140 °C, or under shear flow [15] . Cocrystallization has also been reported at conditions above 75 MPa, 140 °C, and for the crystallization of metallocene iPP [15] .
The crystal type and macrostructure morphology of iPP depend strongly on the nucleation process. Dibenzylidene sorbitol (DBS) has been widely used as a nucleating agent to crystallize iPP [16] [17] [18] . Recently, this compound has attracted increased attention due to the fact that controlled nanometer-size templates can be obtained [19, 20] . Lipp et al. showed that some sorbitols are suitable to form nanofibrillar structures that are able to reduce the free energy barrier to nucleate iPP [21] . Moreover, Shepard et al. described that the DBS molecules can self-organize into fibers with a diameter of ca. 10 nm through hydrogen bonding, where the interaction of acetal oxygens and pendant hydroxyl groups of the phenyl rings in the sorbitol structure provides cleft interfaces adequate to stabilize the polypropylene helix and avoid the return to the random-coil conformation [22] . Besides, Smith et al. reported that DBS sorbitol molecules provide stabilization and minimize the steric clashes of the methyl groups of iPP [23] . The methyl groups can be bonded to DBS to obtain DBS derivatives such as methyl dibenzylidene sorbitol (MDBS) and dimethyl dibenzylidene sorbitol (DMDBS). The molecular structures of DBS and its derivatives are shown in Figure 1 .
iPP waxes are used to aid the processing of iPP polymers, as well as to assist the dispersion in iPP-based compounds. Therefore, it is important to understand the effect of the DBS fibers and their derivatives as templates in the crystallization, crystal structure, and morphology of the iPP wax. For this purpose, wide-angle X-ray scattering (WAXS) patterns were obtained in real time using synchrotron light in order to determine the crystal structure evolution with time. Polarized optical microscopy (POM) was used to determine the growth rate and crystalline macrostructure morphology of iPP. 
Materials and Methods

Materials and Sample Preparations
The isotactic metallocene polypropylene wax of average Mw~12,000 and Mn~5000 g/g-mol, with an experimentally determined isotacticity index of 92.25% (ASTM D5492-98) was obtained from Aldrich (St. Louis, MO, USA). The iPP wax was used as received. The nucleating agents 1,3:2,4-dibenzylidene sorbitol (DBS), 1,3:2,4-bis(p-methylbenzylidene) sorbitol (MDBS), and bis(3,4-dimethylbenzylidene) sorbitol (DMDBS) were obtained from Milliken Chemical (Ghent, Belgium). In order to eliminate the moisture content, all the nucleating agents were dried in an oven at 60 • C for 3 h prior to mixing with the iPP wax. The blends of iPP with the sorbitol agents at the concentrations of 0.02-0.2 wt. % were prepared by melt mixing of the components at a temperature of 280 • C, under constant stirring for 7 min. Also, antioxidants obtained from CIBA (Basel, Switzerland) (0.08 ppm Irgafos-168 and 0.04 ppm of Irganox-1010) were used during melt mixing.
Differential Scanning Calorimetry
The efficiency of the nucleating additives in iPP under dynamic differential calorimetry was determined considering the change in enthalpy (∆H) originated during iPP crystallization. The crystallization and melting behavior of the pure polymer and the three iP-sorbitol compounds was studied using a Perkin Elmer DSC (Pyris 7). The melting temperature (Tm) and crystallization temperature (Tc), were determined on samples with weight ranging from 5 to 10 mg in a nitrogen atmosphere with a heating and cooling rate of 10 • C/min. The samples were preliminarily heated to 187.5 • C and held isothermally for 3 min to eliminate residual crystals.
Polarized Optical Light Microscopy
The heating process of the isothermally crystallized samples was monitored in situ using an Olympus BX60 transmission optical microscope with crossed polars and a 20X objective (resolution of 1.84 mm). The microscope was coupled to a Mettler FP82HT hot stage controlled by an FP90 digital controller to keep the isothermal crystallization temperature at 135 • C.
Real-Time Wide Angle X-ray Scattering (WAXS)
Real-Time X-ray Wide-Angle Scattering experiments were performed at the X27C beamline of the National Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY, USA). For this purpose, two-dimensional patterns were first obtained and then computer subtracted in order to obtain the X-ray scattering pattern. The sample to detector distance was 125.5 mm. The patterns were corrected for set up conditions, and the scattering was calibrated with aluminum oxide as a standard. The wavelength of the X-ray beam was 1.366 Å, and a three-pinhole collimator system was used to reduce the beam size to 0.6 mm in diameter.
Results and Discussion
Thermal Behavior of iPP Wax and Nucleating Agents
The nucleating agents and the iPP wax were thermally characterized by DSC analysis to find the temperature range of miscibility. Figure 2a shows the DSC traces of the iPP wax, DBS, MDBS, and DMDBS during heating up to 280 • C. The temperature at the endothermic peak were used to determine the melting point, and the values obtained were 155.5, 228.7, 260.7, and 271.6 • C, respectively. Thus, the temperature chosen to blend the compounds was 280 • C, aiming to maintain in a molten state the different nucleating agents as well as the iPP wax. Besides, in Figure 2b it can be observed that sorbitols crystallize during cooling from the molten state at a higher temperature than the iPP wax. Therefore, the temperature of 135 • C was chosen to crystallize the iPP wax, so that sorbitol fibrils remained as an interphase template. It is well known that sorbitols can create nanometer-size fibrils because of the intramolecular interactions of the acetal groups, in such a way that the growth of these fibrils leads to a three-dimensional network, where their size is dependent on the concentration [24] .
that the growth of these fibrils leads to a three-dimensional network, where their size is dependent on the concentration [24] . 
Sorbitol Nucleating Effect on iPP Wax
The use of micrometric sorbitol fibrils as a nucleating agent to crystallize propylene is well known. For industrial purposes, the minimum concentration of sorbitol is established that allows the maximum crystallization efficiency. However, the effect of the structures at their nanometric level has not yet been tackled. The use of these fibrillar structures as nanometric templates opens the possibility of having a better control on the nucleation performance of such sorbitol agents. For this reason, in this study, a minimum concentration of the sorbitol agent was required to establish the concentration where a significant difference in crystallization activity occurs, in order to avoid the formation of microaggregates.
The size of the fibrillar substrate depends on the sorbitol concentration; therefore, the nucleation saturation was first determined. The nucleating effect on the iPP wax for the different sorbitols used in this study is shown in Figure 3 . This effect is referred to the crystallization temperature as a function of sorbitol concentration. The crystallization temperature of the iPP wax nucleated with sorbitol molecules mono-and disubstituted with methyl pendant groups was higher than that obtained for the simple structure DBS. The effect on the iPP wax crystallization at the concentration of 0.02 wt. % was identical for all cases, with Tc = 111.9 °C. However, at the concentration of 0.04 wt. %, a stronger nucleating effect was presented by MDBS (Tc = 118.7 °C), followed by DMDBS (Tc =113.7 °C), and DBS (Tc =112.4 °C). Finally, MDBS and DMDBS exhibited a nucleating maximum at the concentration of 0.1 wt. %, whereas DBS showed a shift to a higher temperature at the 
The size of the fibrillar substrate depends on the sorbitol concentration; therefore, the nucleation saturation was first determined. The nucleating effect on the iPP wax for the different sorbitols used in this study is shown in Figure 3 . This effect is referred to the crystallization temperature as a function of sorbitol concentration. The crystallization temperature of the iPP wax nucleated with sorbitol molecules mono-and disubstituted with methyl pendant groups was higher than that obtained for the simple structure DBS. The effect on the iPP wax crystallization at the concentration of 0.02 wt. % was identical for all cases, with Tc = 111.9 • C. However, at the concentration of 0.04 wt. %, a stronger nucleating effect was presented by MDBS (Tc = 118.7 • C), followed by DMDBS (Tc =113.7 • C), and DBS (Tc =112.4 • C). Finally, MDBS and DMDBS exhibited a nucleating maximum at the concentration of 5 of 10 0.1 wt. %, whereas DBS showed a shift to a higher temperature at the concentration of 0.2 wt. %. In this regard, the concentration of 0.04 wt. % was used hereinafter, since it is expected that the smallest possible size of fibrillary network can be obtained at this concentration, which thus is suitable for the evaluation of the ability of different sorbitol structures to modify the morphology of the iPP wax. 
Unit Cells and Lamellar Structures during Isothermal Crystallization
The evolution of the crystal structure unit cell of iPP in the presence of sorbitol derivatives was determined by Real-Time WAXS. Figure 4 shows the diffraction peaks of the iPP wax crystals, during in situ isothermal crystallization at 135 °C. The WAXS pattern after 40 min of isothermal crystallization showed diffraction peaks corresponding to the crystallographic planes (110), (040), (130), (111)/(041), and (060) of the α-iPP phase. It is noticeable that the growth of the crystallographic planes appeared in different times and surprisingly in a different sequence, depending on the sorbitol structure. The chain arrangement of the iPP wax blended with the DBS and DMDBS fibrillar networks indicating that, in the early crystallization stages, the wax amorphous phase was transformed to form the crystallographic plane (110), which appeared after 10 min of thermal treatment. Subsequently, other diffraction peaks emerged. All peaks were present after 15 min in the presence of DMDBS and after 20 min with DBS. The intensity of the diffraction peak of the (110) crystallographic plane, which can be related to the angle in the monoclinic unit cell of the α-iPP crystals, confirms the growth of daughters on mother lamellae [25] . On the other hand, the iPP wax nucleated faster in the presence of the MDBS structure, thus the crystal growth was faster than in the presence of the other sorbitol substrates. Moreover, it was evident that the diffraction plane (040) appeared at an early stage in the presence of MDBS, even only after 6 min of isothermal crystallization (Figure 4 ). Besides, the intensity level of the diffraction peak (040) competed with the intensity of the diffraction peak (110). This behavior could be similar to the transcrystallization process developed during the epitaxial growth of iPP with reinforcement particles and fibers [26] , where the (040) plane enhancement was associated with highly oriented structures [27] . 
The evolution of the crystal structure unit cell of iPP in the presence of sorbitol derivatives was determined by Real-Time WAXS. Figure 4 shows the diffraction peaks of the iPP wax crystals, during in situ isothermal crystallization at 135 • C. The WAXS pattern after 40 min of isothermal crystallization showed diffraction peaks corresponding to the crystallographic planes (110), (040), (130), (111)/(041), and (060) of the α-iPP phase. It is noticeable that the growth of the crystallographic planes appeared in different times and surprisingly in a different sequence, depending on the sorbitol structure. The chain arrangement of the iPP wax blended with the DBS and DMDBS fibrillar networks indicating that, in the early crystallization stages, the wax amorphous phase was transformed to form the crystallographic plane (110), which appeared after 10 min of thermal treatment. Subsequently, other diffraction peaks emerged. All peaks were present after 15 min in the presence of DMDBS and after 20 min with DBS. The intensity of the diffraction peak of the (110) crystallographic plane, which can be related to the angle in the monoclinic unit cell of the α-iPP crystals, confirms the growth of daughters on mother lamellae [25] . On the other hand, the iPP wax nucleated faster in the presence of the MDBS structure, thus the crystal growth was faster than in the presence of the other sorbitol substrates. Moreover, it was evident that the diffraction plane (040) appeared at an early stage in the presence of MDBS, even only after 6 min of isothermal crystallization (Figure 4 ). Besides, the intensity level of the diffraction peak (040) competed with the intensity of the diffraction peak (110). This behavior could be similar to the transcrystallization process developed during the epitaxial growth of iPP with reinforcement particles and fibers [26] , where the (040) plane enhancement was associated with highly oriented structures [27] . 
Macrostructure Morphology during Isothermal Crystallization
To visualize the growth rate and the formation of the crystalline macrostructure of the iPP wax due to the effect of the heterogeneous nucleation using sorbitols, polarized light optical microscopy was used. The crystal development of the iPP wax using 0.04 wt. % of nucleating agent at 135 °C allowed the analysis of the transformation from the amorphous to the crystalline phase of the iPP wax on sorbitol fibrillar templates as a result of the low nucleation rate. It was observed that sorbitol molecules act as an effective nucleating agent, even at the low concentration level of 0.04 wt. % ( Figure 5 ). The micrographs indicated that the iPP wax-sorbitol compound had different crystallization rates for both stages of nucleation and of crystal growth, with MDBS > DMDBS > DBS (Figures 5 and 6 ). The DBS and DMDBS substrates promoted the formation of iPP wax crystalline embryos at 5 min, while a faster rate was determined for the iPP wax-MDBS compound (Figure 6 ), i.e., the nuclei appeared at 1 min, and crystal growth was completed in 15 min. Additionally, the morphology of the iPP wax-MDBS compound was not isotropic and was different from the characteristic spherulites. The macrostructure shape of this compounds occurred in the form of elongated nodules. To determinate and corroborate this change in the geometric crystal growth, the Avrami index was calculated using the transmitted light intensity vs time curves obtained from the POM analysis ( Figure 6 ) [28] . The results are shown in Table 1 , while the corresponding Avrami parameter of the neat polymer wax did not occur within the frame time of the experiment. The Avrami index of 1.95 for the iPP-MDBS compound was found and indicated that the growth was two-dimensional (n = 2, Disk). On the other hand, the use of DBS or DMDBS resulted in a higher Avrami index (n = 3) that corresponded to the radial growth of the iPP lamellae in a random direction. Unlike the geometric growth (n = 2), the growth of spherulites (n = 3) is a typical morphology reported for iPP-DMDBS when it is crystallized at Tc = 135 °C [29] and at a low nucleating content (0.22, 0.31, and 0.52 wt. %) [30] . 
To visualize the growth rate and the formation of the crystalline macrostructure of the iPP wax due to the effect of the heterogeneous nucleation using sorbitols, polarized light optical microscopy was used. The crystal development of the iPP wax using 0.04 wt. % of nucleating agent at 135 • C allowed the analysis of the transformation from the amorphous to the crystalline phase of the iPP wax on sorbitol fibrillar templates as a result of the low nucleation rate. It was observed that sorbitol molecules act as an effective nucleating agent, even at the low concentration level of 0.04 wt. % ( Figure 5 ). The micrographs indicated that the iPP wax-sorbitol compound had different crystallization rates for both stages of nucleation and of crystal growth, with MDBS > DMDBS > DBS (Figures 5 and 6 ). The DBS and DMDBS substrates promoted the formation of iPP wax crystalline embryos at 5 min, while a faster rate was determined for the iPP wax-MDBS compound (Figure 6 ), i.e., the nuclei appeared at 1 min, and crystal growth was completed in 15 min. Additionally, the morphology of the iPP wax-MDBS compound was not isotropic and was different from the characteristic spherulites. The macrostructure shape of this compounds occurred in the form of elongated nodules. To determinate and corroborate this change in the geometric crystal growth, the Avrami index was calculated using the transmitted light intensity vs time curves obtained from the POM analysis ( Figure 6 ) [28] . The results are shown in Table 1 , while the corresponding Avrami parameter of the neat polymer wax did not occur within the frame time of the experiment. The Avrami index of 1.95 for the iPP-MDBS compound was found and indicated that the growth was two-dimensional (n = 2, Disk). On the other hand, the use of DBS or DMDBS resulted in a higher Avrami index (n = 3) that corresponded to the radial growth of the iPP lamellae in a random direction. Unlike the geometric growth (n = 2), the growth of spherulites (n = 3) is a typical morphology reported for iPP-DMDBS when it is crystallized at Tc = 135 • C [29] and at a low nucleating content (0.22, 0.31, and 0.52 wt. %) [30] . 
Interfacial Crystallization of the iPP Wax-Sorbitol Compounds
The X-ray and optical microscopy analyses supported an improvement of the interfacial interaction between the iPP wax chains and the sorbitol substrates, because of the lower interface energy which resulted in a faster crystallization process.
The macrostructure in the iPP-DBS and iPP-DMDBS wax compounds was spherulitic. Figure 7a schematizes that these templates developed nucleation sites that resulted in isotropic polycrystalline 
The macrostructure in the iPP-DBS and iPP-DMDBS wax compounds was spherulitic. Figure 7a schematizes that these templates developed nucleation sites that resulted in isotropic polycrystalline aggregates, because the lamellas could freely organize without restriction during the radial growth. According to Shepard et al., the nucleation is due to the stabilization of the helix projection of iPP [22] , On the other hand, an anisotropic crystalline macrostructure (Figure 7b ) was developed for the iPP-MDBS wax compound. It is important to note that the MDBS template presented a low interface energy, which led to both the nonconventional arrangement of polycrystalline aggregates and to the enhancement of the crystallization rate. In this case, a disk-like crystal growth mode was confirmed by the corresponding Avrami exponent (closer to n = 2). Another important performance of the MDBS template was that the crystalline iPP wax showed preferential diffraction from the plane (040), as commonly occurs for transcrystallization, i.e., crystal orientation is due to the formation of row nuclei along the fibers or other interfaces [27, 31] . This was probably due to a high density of nuclei imposed on this template resulting in confined crystal growth. A scheme of the MDBS template match with the c-axis of the iPP wax crystals is shown in Figure 7 . The match improved the stabilization of the polypropylene methyl group between the cleft interfaces into the fibrillar template.
The main industrial application of sorbitol is as an additive to promote the optical clarity and aesthetic appeal of polypropylene films. However, the mechanical properties can be affected because of the crystal structure and macrostructure morphology of the iPP wax resulting from the interaction with DBS-based templates. In this study, the development of an interesting crystalline structure of the iPP wax using MDBS as a template was observed, in which α-iPP crystals showed preferential growth in the crystal plane (040) resulting in an anisotropic elongated nodulus. This microstructure can be related to an increase in mechanical properties. For example, Amitay-Sadovsky et al. reported the increase in the shear modulus as a result of an increase of crystal anisotropy in a nanoindentation study [32] . aggregates, because the lamellas could freely organize without restriction during the radial growth. According to Shepard et al., the nucleation is due to the stabilization of the helix projection of iPP [22] , which would promote the best match of the templates (DBS and DMDBS) with the b-axis of the iPP wax chains. On the other hand, an anisotropic crystalline macrostructure (Figure 7b ) was developed for the iPP-MDBS wax compound. It is important to note that the MDBS template presented a low interface energy, which led to both the nonconventional arrangement of polycrystalline aggregates and to the enhancement of the crystallization rate. In this case, a disk-like crystal growth mode was confirmed by the corresponding Avrami exponent (closer to n = 2). Another important performance of the MDBS template was that the crystalline iPP wax showed preferential diffraction from the plane (040), as commonly occurs for transcrystallization, i.e., crystal orientation is due to the formation of row nuclei along the fibers or other interfaces [27, 31] . This was probably due to a high density of nuclei imposed on this template resulting in confined crystal growth. A scheme of the MDBS template match with the c-axis of the iPP wax crystals is shown in Figure 7 . The match improved the stabilization of the polypropylene methyl group between the cleft interfaces into the fibrillar template.
The main industrial application of sorbitol is as an additive to promote the optical clarity and aesthetic appeal of polypropylene films. However, the mechanical properties can be affected because of the crystal structure and macrostructure morphology of the iPP wax resulting from the interaction with DBS-based templates. In this study, the development of an interesting crystalline structure of the iPP wax using MDBS as a template was observed, in which α-iPP crystals showed preferential growth in the crystal plane (040) resulting in an anisotropic elongated nodulus. This microstructure can be related to an increase in mechanical properties. For example, Amitay-Sadovsky et al. reported the increase in the shear modulus as a result of an increase of crystal anisotropy in a nanoindentation study [32] . 
Conclusions
The iPP crystallization was accelerated by the DBS Sorbitol and alkylated derivatives at very low concentrations. MDBS and DMDBS exhibited a nucleating maximum at the concentration of 0.1 wt. %, whereas DBS reached the threshold concentration of nucleating at 0.2 wt. %. The minimum 
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